We have performed spectrally resolved degenerate four-wave mixing (FWM) spectroscopy on exciton systems in -ZnP 2 using a femtosecond laser. The FWM signal clearly exhibits a periodic ultrafast modulation as a function of the delay time between two excitation pulses, which indicates the quantum beats due to the interference of two closely spaced transitions. From FWM and reflection spectra, the transitions are assigned to the 1s free exciton and the bound exciton. Dephasing times of the 1s exciton polariton are measured at various energies between the longitudinal and transverse excitons. The dephasing time is found to be longer as the polariton energy is lower, which suggests that the scatterings by acoustic phonons mainly govern the polariton dephasing. The difference in the modulation behavior of the quantum beats for the free and bound excitons is briefly discussed based on a simple model with a three-level system. The ultrafast dynamics of carriers in semiconductors has been a subject of intense researches.
The ultrafast dynamics of carriers in semiconductors has been a subject of intense researches. 1) For those researches, femtosecond four-wave mixing (FWM) is one of the most versatile techniques and has been extensively employed for the investigation of the ultrafast dynamics in semiconductors, such as quantum beats of excitons [2] [3] [4] [5] and optical dephasing of exciton polaritons. [6] [7] [8] [9] In the present study, we have performed the FWM spectroscopy on excitons in a semiconductor, monoclinic zinc diphosphide -ZnP 2 with a direct band gap of 1.603 eV, and present the results of the quantum beats between the free and bound excitons and the dephasing of exciton polariton in spectrally resolved FWM signals. The fundamental absorption edge of -ZnP 2 is characterized by a very clear and well-separated exciton series of singlet and triplet systems with a relatively large binding energy of about 40 meV, which are polarized along the c-and b-axes, respectively. In particular, the lowest singlet exciton with a resonance energy of 1.5603 eV has a large longitudinal-transverse (L-T) splitting energy of 4.8 meV, which gives rise to the strong polariton nature. The large exciton binding energy leads to the lowest exciton state well isolated from higher exciton states. We have so far investigated exciton relaxation processes in -ZnP 2 by means of resonant secondary emission, [10] [11] [12] [13] [14] [15] two-photon absorption, 16, 17) time-resolved luminescence, 18) and so on. 19, 20) Compared to the III-V compounds, such as GaAs/AlAs quantum wells, with small exciton binding energy and exciton L-T splitting energy, -ZnP 2 is considered as one of the most promising candidates for a detailed investigation of coherent dynamics in exciton or exciton polariton systems. It should be noted that, due to the superior exciton properties of -ZnP 2 , we could study the dephasing of exciton polaritons precisely in the L-T gap region and obtain the evidence of quantum beats for the observed modulation in FWM signals, which differ from the polarization interference between independent two-level systems.
2) In this connection, polariton beats in -ZnP 2 have already been demonstrated in free induction decay signals by Mishina and Masumoto. 21, 22) Although they were able to determine the damping constant of the triplet excitons in -ZnP 2 , the damping constant of the singlet excitons with much stronger absorption was not reported. Our preliminary results were presented in IQEC 2002. 23) Single crystals of -ZnP 2 were grown from the vapor phase. The surface obtained in the as-grown crystal was a bc face. The sample was set on a copper cold finger in a temperature-variable cryostat that cooled the sample down to 10 K. We employed a two-pulse degenerate backward self-diffraction geometry in the FWM experiments, which is useful in a highly absorptive region. 24, 25) The excitation light source was a cw mode-locked Ti:sapphire laser pumped by a Nd:YVO 4 laser. The pulse duration and repetition rate of the Ti:sapphire laser were about 100 fs and 76 MHz, respectively. The center energy of the laser was set at 1.561 eV with a bandwidth (FWHM) of 23 meV for the excitation over a wide energy range including the 1s exciton resonance (see Fig. 2 ). The output from the laser was split into two beams, and one beam was time-delayed with respect to the other. The two beams with polarization E k c and wave vectors k 1 and k 2 were focused onto the sample with time delay . Excitation density was about 400 kW/cm 2 . The sign of is defined as positive when the beam k 1 precedes the beam k 2 . The FWM signals emitted in the phase-matched direction corresponding to 2k 2 -k 1 were fed into a photomultiplier using double-lock-in detection. In the spectrally resolved measurements, the FWM signals were dispersed through a monochromator with a spectral resolution of about 0.8 meV.
Figure 1(a) shows the spectrally integrated FWM signal as a function of the time delay . Excitation was made at 10 K over the wide energy range around the 1s exciton resonance by the femtosecond laser pulses, as mentioned above. The FWM signal for positive delays exhibits a decay on the picosecond time scale with a characteristic modulation. The period of the modulation is approximately 0.41 ps. In Fig. 1(b) , the same curve is displayed on a semilogarithmic scale. It is clearly seen that the periodic modulation is superimposed on the exponential decay with a time constant of about 1.3 ps, and it lasts more than 5 ps. The modulation indicates the quantum beats due to the interference of two closely spaced transitions excited by the short optical pulses.
In order to elucidate the origin of the quantum beats, we spectrally resolved the FWM signal at ¼ 0 ps as shown in Fig. 2 . The spectrum of the excitation laser is shown by a broken curve. The E T and E L in the figure indicate the 1s transverse and longitudinal exciton energies, respectively. The FWM spectrum consists of two dominant contributions around 1.562 eV and at 1.5502 eV. The former signal is conspicuous between E T and E L , which leads us to conclude that it originates from the 1s exciton polaritons. The signal is relatively intense near E L . For the backward geometry employed in the present experiments, the intensity of the FWM signal is much enhanced near E L because of the low reflectivity and the large nonlinear Fresnel factor near E L . 8, 24) The energy separation between E T and 1.5502 eV is 10.1 meV, which corresponds to a period of 0.41 ps in excellent agreement with the modulation period described above. Figure 3 depicts the delay time dependence of the spectrally resolved FWM signal observed at 1.550 eV. The clear modulation on exponential decay is also observed in this curve. From the time constant d of the decay, we can deduce the dephasing time of T 2 ¼ 4 d ¼ 6:6 ps under the assumption of inhomogeneous broadening of the resonance energy. As the FWM signal is generally observed only for the positive delay time in the limit of the extremely broad inhomogeneous broadening, the small FWM signal for the negative delay time in Fig. 3 indicates that the inhomogeneous broadening of the polarization at 1.550 eV is not much larger than the homogeneous broadening.
We measured the reflection spectrum of the sample crystal used in the experiments. The spectrum is shown in Fig. 4 . The prominent reflection structure around 1.561 eV is due to the 1s free exciton or the exciton polariton. 10) In addition, we see a relatively large reflection structure at 1.550 eV and also some small structures below 1.548 eV. The latter structures are likely related to various types of bound excitons. As for the former structure, it has been already reported by Pevtsov et al. 26) and Syrbu and Mamaev 27) that the reflection structure is caused also by an exciton, called A-exciton. We consider that the A-exciton is of extrinsic nature, namely, bound exciton, associated with crystal imperfection Fig. 2 . Spectrum of the FWM signal at a delay time ¼ 0 ps. E T and E L indicate the 1s transverse and longitudinal exciton energies, respectively. For reference, the spectrum of the excitation laser is shown by a broken curve. Bars a to e are the energies at which delay time dependences of the FWM signal due to the exciton polaritons are observed (see Fig. 5 ). such as surface defects. Therefore we conclude that the quantum beats are attributed to the interference between two transitions from the common ground state to the 1s free exciton and A-exciton states. It is noted that for polarization interference, which is observed when two closely spaced two-level systems with no common level are excited, modulation is not observed when the detection energy is tuned to one of the resonances in spectrally resolved FWM experiments, 1) whereas in the present study, the definite modulation is observed when the detection energy is tuned to the resonance energy of the Aexciton, as shown in Fig. 3 . The quantum beats have been extensively observed in semiconductors such as GaAs/ AlGaAs quantum wells, in which the beats can be interpreted in terms of the splitting of heavy-hole and light-hole exciton states or the magnetic field-induced spin splitting of exciton states, 1) while in our case, the associated transitions are the free and bound excitons. In this connection, Koch et al. demonstrated, by time-resolved FWM measurements, quantum beats due to free excitons and excitons bound to neutral acceptors in GaAs/AlAs superlattices.
3) They pointed out that the optical excitation of the free-and bound-exciton states represents a three-level system, if the acceptor impurity site lies within the coherence volume of the free exciton, and also that both transitions have the same ground state in common, which is the nonexcited crystal state. We consider that the same situation is realized in the present case, although the origin of the bound exciton (the A-exciton) is not known at present.
It should be noted here that in -ZnP 2 the luminescence from an excitonic molecule, namely, biexciton, appears at 1.550 eV, [28] [29] [30] [31] [32] so that there is a possibility that the observed FWM signal corresponding to the nonlinear polarization at 1.550 eV arises from the biexciton. However, this is unlikely at least in the present case because of the following reason. The process for the creation of the biexciton consists of a transition from the ground state to the exciton state and a subsequent transition from the exciton state to the biexciton state. Accordingly, the number of A-excitons is much larger than that of biexcitons. This consideration is supported by the fact that the reflection structure due to the A-exciton is of the same order as that of the 1s free exciton as seen in Fig. 4 , which indicates that the number of A-excitons is comparable to that of free excitons. Note that under the present excitation condition, the number of biexcitons is much smaller than that of free excitons. Therefore we conclude that the FWM signal at 1.550 eV originates dominantly from the A-exciton.
In general, strong FWM signals associated with twophoton coherence between the ground state and the biexciton state and also the signal modulation related with the biexciton are observed for the negative delay time.
1) It is noted that the small FWM signal and the signal modulation for the negative delay time in Fig. 3 are not due to the biexciton but due to the contribution of the homogeneous broadening, as mentioned before. The contribution of the biexciton to the FWM signal would become conspicuous when a much higher excitation power is used.
In order to know the phase relaxation dynamics of exciton polaritons in detail, we measured the delay time dependence of the FWM signal at various polariton energies. The results are displayed in Fig. 5 . Observation energies a to e for the FWM signals are referred in Fig. 2 . Estimated dephasing times are also shown in the figure. In the estimation, we ignored for simplicity a propagation effect of the exciton polaritons pointed out by Masumoto et al.
6) The periodic modulation due to the quantum beats between the 1s exciton and the A-exciton is superimposed on each curve, while the modulation is not seemingly clear in the top and second curves.
The dephasing time of polaritons in the L-T gap varies largely with respect to the energy, e.g., T 2 ¼ 0:8 ps at E L and T 2 ¼ 3:4 ps at E T , and it becomes longer as the polariton energy is lower. We consider that the phonon scattering process of exciton polaritons is responsible for the difference in dephasing time. Exciton polaritons in the bottleneck region suffer scatterings by acoustic phonons, which promotes the phase relaxation as well as the energy relaxation of polaritons. As compared to the lower energy polaritons near E T , the higher energy polaritons have a higher final density-of-states in the phonon scattering process. Furthermore, the exciton-phonon interaction is stronger in the higher energy region, since the polariton has a larger exciton component as the energy is higher. Therefore, the rate of phonon scattering is higher for the higher energy polaritons than for the lower energy polaritons. Thus, we can say that the phase relaxation processes of exciton polaritons in the L-T gap region are governed mainly by phonon scattering processes.
By comparing Figs. 3 and 5, we see that the modulation depth of the quantum beats for the A-exciton differs from that for the free exciton. To qualitatively understand the difference, we employ a simple perturbation theory in a three-level system. 33) We consider two transitions, j1i to j2i and j1i to j3i, as the A-exciton and the 1s free exciton transitions, respectively. The state j1i is the common ground 
The ij , ! ij and ij denote the dipole moment, transition frequency and phase relaxation rate of the transition between the states jii and jji. In eqs. (1) and (2), the second term represents the quantum beats with the modulation frequency ! 32 , while the first term represents the decay of the FWM signal without modulation. The ratio of the two terms representing the decay with and without modulation for P , which is smaller than unity, since the oscillator strength of the 1s free exciton is larger than that of the A-exciton (see Fig. 4 ). On the other hand, the ratio for P , larger than unity. Therefore we expect that the modulation amplitude is larger for the spectrally resolved FWM signal observed at the A-exciton than at the 1s free exciton, which agrees with the experimental results shown in Figs. 3 and 5. In addition, eq. (1) predicts that the second term corresponding to the quantum beats decays with the different rate, 12 þ 13 , from that of the first term, 2 12 . Since T 2 for the A-exciton obtained in the experiment is 6.6 ps and T 2 for the 1s free exciton is 3.4 ps, 12 (= 1/6.6 ps À1 ) is smaller than 13 (= 1/ 3.4 ps À1 ). Consequently, eq. (1) leads us to the fact that the quantum beats decay faster than the exponential decay without the modulation. In fact, such behavior of the FWM signal is observable in Fig. 3 . It is noted here that the observed quantum beats shown in Fig. 3 have two exponentially-decaying components, which is not explained by the present simplified model. However, we infer that the faster decaying component (the slower decaying one) results from the interference between the A-exciton and the 1s free exciton with higher energy (lower energy).
In conclusion, we have performed spectrally resolved FWM spectroscopy for the exciton systems in -ZnP 2 using femtosecond laser pulses. A clear modulation with a period of 0.41 ps is observed in the FWM signals. The modulation is assigned to the quantum beats between the 1s free exciton (or the exciton polariton at E T ) and the bound exciton (the A-exciton). The beat frequency exactly corresponds to the energy difference of both excitons in the FWM spectrum and also in the reflection spectrum. Dephasing time of the exciton polaritons in the L-T gap region is estimated as 0.8 ps at E L and 3.4 ps at E T . The slower dephasing for the lower polaritons strongly suggests that the dominant dephasing mechanism of the exciton polaritons in the bottleneck region is acoustic-phonon scatterings.
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